Large reservoirs of natural gas in the oceanic subsurface sustain a complex biosphere of 10 anaerobic microbes, including recently characterized archaeal lineages that extend the 11 potential to mediate hydrocarbon oxidation (methane and butane) beyond the 12 Methanomicrobia. Here we describe a new archaeal phylum, Helarchaeota, belonging to the 13 Asgard superphylum with the potential for hydrocarbon oxidation. We reconstructed 14
represent up to 50% of the total microbial community in some of these samples 20 . Preliminary 69 phylogeny of the dataset using 37 concatenated ribosomal proteins revealed two draft genomic 70 bins representing a new lineage in the Asgard archaea. These draft genomes, referred to as 71
Hel_GB_A and Hel_GB_B, were re-assembled and re-binned resulting in final bins that were 82 72 and 87% complete and had a bin size of 3.54 and 3.84 Mbp, respectively (Table 1 ). An in-depth 73 phylogenetic analysis consisting of 56 concatenated ribosomal proteins was used to confirm the 74 placement of these final bins form a distant sister-group with the Lokiarchaeota (Figure 1a ). 75
Hel_GB_A percent abundance ranged from 3.41x10 -3 % to 8.59 x10 -5 % and relative abundance from 8.43 76 to 0.212. Hel_GB_B percent abundance ranged from 1.20x10 -3 % to 7.99 x10 -5 % and relative abundance 77 from 3.41 to 0.22. For both Hel_GB_A and Hel_GB_B the highest abundance was seen at the site the 78 genomes bins were recovered from. These numbers are comparable to other Asgard archaea isolated 79 form these sites 20 . Hel_GB_A and Hel_GB_B had a mean GC content of 35.4% and 28%, respectively, 80 and were recovered from two distinct environmental samples, which share similar methane-81 supersaturated and strongly reducing geochemical conditions (concentrations of methane 82 ranging from 2.3-3 mM, dissolved inorganic carbon ranging from 10.2-16.6 mM, sulfate near 21 83 mM and sulfide near 2 mM; Supplementary Table 1 ) but differed in temperature (28 o C and 10 o C, 84 respectively, Supplementary Table 1) 19 . 85
Phylogenetic analyses of a 16S rRNA gene sequence (1058 bp in length) belonging to 86
Hel_GB_A confirmed that they are related to Lokiarchaeota and Thorarchaeota, but are 87 phylogenetically distinct from either of these lineages (Figure 1b Hel_GB_A sequence and other Asgard archaea 22 (Supplementary Table 2 ). A search for ESPs in 90 both bins revealed that they contained a similar suite compared to those previously identified in 91 Lokiarchaeota, which is consistent with their distant phylogenomic relationship ( Figure 2 ). These 92 lineages are relatively distantly related as evidenced by their difference in GC content and 93 relatively low pairwise sequence identity of proteins. An analysis of the average amino acid 94 identity (AAI) showed that Hel_GB_A and Hel_GB_B shared 1477 genes with and AAI of 51.96%. 95
When compared to Lokiarcheota_CR4, Hel_GB_A share 634 out of orthologous genes 3595 and 96
Hel_GB_B had 624 orthologous genes out of 3157. Helarchaeota bins showed the highest AAI 97 similarity to Odinarchaeota LCB_4 (45.9%); however, it contained fewer orthologous genes (574 98 out of 3595 and 555 out of 3157 for Hel_GB_A and Hel_GB_B, respectively). Additionally, the 99 Hel_GB bins differed from Lokiarchaeota in their total gene number, for example Hel_GB_A 100 possessed 3595 genes and CR_4 possessed 4218; this difference is consistent with the larger 101 estimated genome size for Lokiarchaeum CR_4 compared to Hel_GB_A (~5.2 Mbp to ~4.6 Mbp) 102
( Supplementary Table 3 , Supplementary Methods). These results add support to the phylum level 103 distinction observed for Hel_GB_A and Hel_GB_B in both the ribosomal protein and 16s rRNA 104 phylogenetic trees. We propose the name Helarchaeota after Hel, the Norse goddess of the 105 underworld and Loki's daughter for this lineage. IPR029703  arCOG08649  arCOG04256-7  arCOG04271  IPR002671  IPR029004  IPR007143  IPR017916  IPR007286  IPR014041/008570  IPR005024  IPR005024  IPR011012  IPR004942  IPR007194  IPR004000/020902  IPR004000  IPR008384  IPR005455  IPR007122  IPR002453  IPR029071/000626  IPR006575  IPR000594  IPR019572  IPR014929  IPR000608  IPR013083  IPR018611  IPR000555  IPR007676  IPR021149 
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Numbers under each column correspond to the InterPro accession number (IPR) and Archaeal Clusters of 148 Orthologous Genes (arcCOG) IDs that were searched for. Full circles refer to cases in which a homologue 149 was found in the respective genomes. Empty circles with black outlines represent the absence of the ESP.
150
The checkered pattern in the RNA polymerase subunit alpha represents the fact that the proteins were 151 split, while the fused proteins are represented by the full circles. Grey circles with borders in any other 152 color represent cases where the standard profiles were not found but potential homologs where detected.
153
In the Roadblock proteins, potential homologs were detected but the phylogeny could not support the 154 close relationship of any of these copies to the Asgard archaea group closest to eukaryotes. In the Ub-155 activating enzyme E1 represents homologs found clustered appropriately with its potential orthologs in to activate butane to butyl-CoM 7 . It is proposed that this process is then followed by the 172 conversion of butyl-CoM to butyryl-CoA; however, the mechanism of this reaction is still 173 unknown. Butyryl-CoA can then be oxidized to acetyl-CoA that can be further feed into the Wood-174
Ljungdahl pathway to produce CO 2 7 . While some n-butane is detected in Guaymas Basin 175 sediments (usually below 10 micromolar), methane is the most abundant hydrocarbon 176 (Supplementary Table 1 ) followed by ethane and propane (often reaching the 100 micromolar 177 range); thus, a spectrum of short-chain alkanes could potentially be metabolized by 178 sp., Verstraetearchaeota, GoM-Arc1 sp., ANME-1 sp. and ANME-2 sp. A list of genes and corresponding 213 contig identifiers can be found in Supplementary Table 4 . 214 215 Three possible energy-transferring mechanisms for Helarchaeota. To make anaerobic alkane 216 oxidation energetically favorable, it must be coupled to the reduction of an internal electron 217 acceptor or transferred to a syntrophic partner that can perform this reaction 7,26,27 . We could not 218 identify an internal electron sink or any canonical terminal reductases used by ANME archaea 219 (such as iron, sulfur or nitrogen), leading to the conclusion that a syntrophic partner organism 220 would be necessary to enable growth on short-chain hydrocarbons. However, we could not 221 identify any obvious syntrophic partner organisms based on co-occurrence analyses of 222 abundance profiles of metagenomic datasets generated in this study 20 . 223
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Methanogenspecific proteins energy transfer across the cell membrane and are common among syntrophic organisms 2,28,29 . 228
Helarchaeota also lack genes coding for pili or cytochromes that are generally associated with 229 electron transfer to a bacterial partner, as demonstrated for different ANME archaea 26, 30 . 230 Therefore, Helarchaeota may use a thus far unknown approach for energy conservation. Below 231 we analyzed potential energy-transferring mechanisms that might be involved in syntrophic 232 interactions between Helarchaeota and potential partner organisms. 233 A possible candidate for energy transfer to a partner may be formate dehydrogenase 234 because substrate exchange in form of formate has previously been described to occur between 235 methanogens and sulfur-reducing bacteria 27 . Helarchaeota genomes code for the alpha and beta 236 subunits of a membrane-bound formate dehydrogenase (EC. 1.2.1.2) that could facilitate this 237 transfer (Figure 2 , Supplementary Table 4 ). However, to our knowledge formate transfer has not 238 been shown to mediate methane oxidation. Alternatively, Helarchaeota may possess a novel 239 redox-active complex. In both Helarchaeota bins, a gene cluster was found encoding three 240 proteins that were identified as members of the HydB/Nqo4-like superfamily, Oxidored_q6 241 superfamily and a Fe-S disulfide reductase with a FlpD domain (mvhD) (Figure 5a ). An analysis of 242 these three proteins showed that each possessed transmembrane motifs (Figure 5b , and 243
Supplementary Methods). While the membrane association of the disulfide reductase/FlpD 244 needs to be confirmed, interactions with the other two membrane-associated subunits may 245 allow for the bifurcated electrons to be transferred across the membrane. 246
Finally, hydrogen production and release was also considered as possible electron sink for 247
Helarchaeota. We identified several hydrogenases and putative Fe-S disulfide reductase-248 encoding genes in the Helarchaeota genomes. Subsequent phylogenetic analyses revealed that 249 the majority of these hydrogenases represent small and large subunits of group IIIC hydrogenases 250 (methanogenic F 420 -non-reducing hydrogenase (mvh)) that are usually involved in bifurcating 251 electrons from hydrogen ( Supplementary Figure 4 , Supplementary Table 4 ). In contrast, while 252 homologs belonging to the above mentioned Oxidored_q6 superfamily protein family are often 253 found to be associated with group IV hydrogenases, canonical membrane-bound group IV-254 hydrogenases could not be identified in the genomes of the Helarchaeota. Altogether, this 255 indicates that hydrogen could play a central role in energy metabolism of Helarcharota, but the 256 absence of a classical membrane-bound hydrogenase makes it unlikely that hydrogen is the 257 major syntrophic electron carrier. 258 examples of anaerobic archaeal short-chain alkane metabolism. The enzymes acting in these 274 pathways were considered to be biochemically and phylogenetically unique and limited to 275 lineages within the Euryarchaeota 4 . This study represents the discovery of a novel phylum and 276 the first indications for anaerobic short-chain alkane oxidation using a MCR-like homolog in the 277 Asgard archaea. Since the presence of these mcr genes is restricted to Helarchaeota among the 278 known Asgard archaea 19 , these genes were likely transferred to Helarchaeota and do not 279 constitute an ancestral trait within the Asgard superphylum. Based on current phylogenetic 280 analysis, the Helarchaeota mcr gene cluster may have been horizontally acquired from either 281 Bathyarchaeota or Ca. Syntrophoarchaeum (Fig. 1b, Supplementary Figure 3 ). Due to this close 282 relationship, we based our analysis of Helarchaeota's ability to perform anaerobic short-chain 283 hydrocarbon oxidation on the pathway proposed for Ca. Syntrophoarchaeum. Helarchaeota 284 probably utilize a similar short-chain alkane as a substrate in lieu of methane, but given the low 285 butane concentrations at our site it may not be an exclusive substrate. 286
Our comparison to Ca. S. butanivorans shows a consistent presence in genes necessary 287 for this metabolism including a complete Wood-Ljungdahl pathway, acyl oxidation pathway and 288 internal electron transferring systems. These electron-transferring systems are essential 289 housekeeping components that act as electron carriers for oxidation reactions. Interestingly, in 290 the Wood-Ljungdahl pathway identified in Ca. S. butanivorans, the bacterial enzyme is 5,10-291 methylene-tetrahydrofolate reductase (met) is thought to be substituting for the missing 5,10-292 methylene-tetrahydromethanopterin reductase (mer) 7 . In contrast, Helarchaeota encode the 293 canonical archaeal-type mer. To render anaerobic butane oxidation energetically favorable, it 294 must be coupled to the reduction of an electron acceptor such as nitrate, sulfate or iron 7,26,27 . In 295 ANME archaea that lack genes for internal electron acceptors, methane oxidation is enabled 296 through the transfer of electrons to a syntrophic partner organism. In Syntrophoarchaeum, 297 syntrophic butane oxidation is thought to occur through the exchange of electrons via pili and/or 298 cytochromes with sulfate-reducing bacteria 7 . Helarchaeota do not appear to encode any of the 299 systems traditionally associated with syntrophy and no partner was identified in this study. Thus, 300 further research is needed to identify possible bacterial partners. 301 Furthermore, the hypothesis for Helarchaeota growth through the anaerobic oxidation of 302 short-chain alkanes remains to be confirmed as the genomes of members of this group do not 303 encode canonical routes for electron transfer to a partner bacterium. However, we identified the 304 genetic potential for potential enzymes that may be involved in transfer of electrons. Some 305 methanogenic archaea use formate for syntrophic energy transfer to a syntrophic partner; 306 therefore, the reverse reaction has been speculated to be energetically feasible for methane 307 oxidation 27 . If this is true, the presence of a membrane-bound formate dehydrogenase in the 308 Helarchaeota genomes may support this electron-transferring mechanism, however to our 309 knowledge this has never been shown for an ANME archaea so far. Alternatively, the type 3 NiFe-310 hydrogenases encoded by Helarchaeota may be involved in transfer of hydrogen to a partner 311 organism. For example, we identified a protein complex distantly related to the mvh-hdr of 312 methanogens for electron transfer (Supplementary material). Mvh-hdr structures have been 313
proposed to be potentially used by non-obligate hydrogenotrophic methanogens for energy 314 transfer, but the directionality of hydrogen exchange could easily be reversed 2 . These 315 methanogens form syntrophic associations with fermenting, H 2 -producing bacteria, lack 316 dedicated cytochromes or pili and use the mvh-hdr for electron bifurcation 2 . The detection of a 317 hydrophobic region in the mvh-hdr complex led to the suggestion that this complex could be 318 membrane bound and act as mechanism for electron transfer across the membrane; however, a 319 transmembrane association has never been successfully shown 2 . While the membrane 320 association of the disulfide reductase/FlpD needs to be confirmed, we were able to detect several 321 other transmembrane motifs in the associated proteins that could potentially allow electron 322 transfer in form of hydrogen to an external partner. Thus, while we propose that the most likely 323 explanation for anaerobic short-chain alkane oxidation in Helarchaeota is via a syntrophic 324 interaction with a partner, additional experiments are needed to confirm this working hypothesis. Supplementary Table 6 ). Thereby, we 360 identified two genomes, belonging to a previously uncharacterized phylum within the Asgard archaea, 20 which we named Helarchaeota. To improve the quality of these two Helarchaeota bins (increase the 362 length of the DNA fragments and lower total number), we used Metaspades to reassemble the contigs in 363 each individual bin producing scaffolds. Additionally, we tried to improve the overall assemblies by to estimate the Hel_GB_A to be 82% and Hel_GB_B to be 87% complete and both bins were characterized 375 by a low degree of contamination (between 1.4-2.8% with no redundancy) (Table 1) to newly acquired 16S rRNA gene sequences from MAGs recovered from preliminary data from new GB 387 sites. A 37 Phylosift 38 marker genes tree was used to assign taxonomy to these MAGs. We were able to 388 identify five MAGs that possessed 16s and that formed a monophyletic group with our Hel_GB bins 389 (Supplementary Table 2 ; Megxx in Figure 2 ). Of the unbinned 16S rRNA gene sequences one was identified 390 as likely Helarchaeota sequence. The contig was retrieved from the 4572_4 assembly (designated Hel_GB_B, respectively, with Prokka consistently identifying fewer genes. Genes were annotated by 450 uploading the protein fasta files from both methods to KAAS (KEGG Automatic Annotation Server) for 451 complete or draft genomes to assign orthologs 60 . Files were run using the following settings: prokaryotic 452 option, GhostX and bi-directional best hit (BBH) 60 . Additionally, genes were annotated by JGI-IMG 61 to 453 confirm hits using two independent databases. Hits of interest were confirmed using blastp on the NCBI 454 webserver 44 . The dbCAN 62 and MEROPS 63 webserver were run using default conditions for identification 455 of carbohydrate degrading enzymes and peptidases respectively. Hits with e-values lower than e^-20 were 456 discarded. In addition to these methods an extended search was used to categorize genes involved in 457 butane metabolism, syntrophy and energy transfer.
458
Identified genes predicted to code for putative alkane oxidation proteins were similar to those 459 described from Candidatus Syntrophoarchaeum spp.. Therefore, a blastp 44 database consisting of proteins 460 predicted to be involved in the alkane oxidation pathway of Ca. Syntrophoarchaeum was created in order 461 to identify additional proteins in Helarchaeota, which may function in alkane oxidation. Positive hits were 462 confirmed with blastp 44 on the NCBI webserver and compared to the annotations from JGI-IMG 61 ,
463
Interpro 64 , PROKKA 59 and KAAS 60 annotation. Genes for mcrABG were further confirmed by a HMMER 65 464 search to a published database using the designated threshold values 66 and multiple MCR trees (see 465 Methods). To confirm that the contigs with the mcrA gene cluster were not missbined, all other genes on 466 these contigs were analyzed for their phylogenetic placement and gene content. The prodigal protein 467 predictions for genes on the contigs with mcrA operons were used to determine directionality and length 468 of the potential operon.
469
To identify genes that are involved in electron and hydrogen transfer across the membrane, a 470 database was created of known genes relevant in syntrophy that were download from NCBI. The protein 471 sequences of the two Helarchaeota genomes were blasted against the database to detect relevant hits 472 (E-value ≥ e ^-10). All hits were confirmed using the NCBI webserver, Interpro, JGI-IMG and KEGG. 
